Effects of hypertension and its reversal on the wall of the thoracic aorta of male and female rats were studied. Hypertension for 10 weeks caused increased diameter, wall thickness, tangential tension, wall stress, and medial area in both sexes. In addition, absolute amounts of elastin, collagen, and noncollagenous, alkali-soluble protein were significantly increased in the walls of all hypertensive vessels. Associated with the decrease of calculated tension and wall stress to normotensive levels after reversal of hypertension, wall thickness and medial area in males remained significantly greater than in controls and similar to the values found in hypertensive vessels, whereas in females these parameters returned fully to control levels. Absolute amounts of noncollagenous, alkali-soluble proteins did return to control levels after hypertension reversal, but elastin and collagen remained elevated in amounts similar to those in vessels with sustained hypertension; in females, this resulted in an above-normal concentration of these fibrous elements in the vessel wall. Compositional changes of the female vessel wall after reversal of hypertension were thus similar to but more clearcut and complete than those found in the male aorta. Recognition of irreversible changes in vessels subjected to hypertension may have implications for the benefits to be gained from blood pressure reduction on the progression of cardiovascular disease.
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vascular disease elastin aortic wall thickness aortic wall tension aortic wall stress aortic diameter aging collagen • Hypertension has often been implicated in the progression of human cardiovascular disease, particularly coronary atherosclerosis (1, 2) . The favorable effect of a reduction of blood pressure on mortality from "pressurerelated" causes such as cardiac failure or strokes has been well documented (3) (4) (5) . However, it has remained unclear whether progression of cardiovascular atherosclerosis, especially of the coronary vessels, is retarded or prevented by reduction of blood pressure to levels near normal (6) (7) (8) . Deming and his associates have shown that treatment of shortterm experimental hypertension results in much less atherosclerosis than develops in rats with sustained hypertension (9) . When the more chronic type of human hypertension is treated, however, coronary artery disease remains the most important cause of death, with an incidence far above that of the normotensive population (6) . Vessels of hypertensives have been shown to be thicker and stiffer than normal vessels, both in the experimental animals (10, 11) and in human subjects (12) (13) (14) . In addition to the previously described increase in water (15) and smooth muscle (16) content of hypertensive vessels, we have recently shown that absolute amounts of mural elastin and collagen are increased in aortas of hypertensive rats (17) . Reversal of experimental hypertension results in a significant decrease in wall water content (15, 18) , but sodium, potassium, and calcium concentrations remain elevated in the "cured" animals (18) . Interestingly, the reduction in vessel water content seen after hypertension reversal is not associated with a corresponding reduction of the increased wall thickness of these vessels (15) .
It would seem important to better define which, if any, of the alterations occurring in the vessel wall in association with hypertension are irreversible and which therefore persist long after the hypertension has been reversed. Since the rate of body growth of the female rat is much less than that of the male rat 1 , it might be possible in the former to distinguish those changes in the wall attributable to hypertension from those due to growth; sex-related differences in response to hypertension might also be detected. The present study of the effects of sustained hypertension and its subsequent reversal on aortic dimensions and morphology and on the absolute amounts of elastin, collagen, and noncollagenous, alkali-soluble protein in the thoracic aorta of male and female rats was therefore undertaken. !CF-N Rat Age-Weight Graph, Carworth Farms, Inc., New City, New York.
Methods
Seven-week-old Carworth (CF-N) rats were used. At the start of the experiment, the males weighed 135 to 140 g and the females 125 to 135 g. All animals were housed two per cage and were given Purina laboratory rat chow and ordinary drinking water ad libitum.
Hypertension was produced by clipping the left renal artery with a silver clip with an aperture of 0.25 mm. A systolic value of 150 mm Hg or greater was the criterion for hypertension, and this level generally was achieved 4 to 5 weeks after clipping; diastolic hypertension is known to occur as well with this method. Pressures rose for an additional 1 to 2 weeks but generally stabilized by the third week of the experiment. Controls had sham operations at the time of initial clipping.
Each group consisted of ten animals ( Table 1) ; six were used for chemical studies and four for morphological studies. Five groups of males and five corresponding groups of females were studied. They will be referred to throughout as follows: H: hypertensive for 10 weeks HH: hypertensive for 20 weeks C: normotensive for 10 weeks CC: normotensive for 20 weeks HC: hypertensive for 10 weeks and then normotensive for 10 weeks Groups C and H were therefore approximately 21 weeks old when killed and groups CC, HH, and HC were about 31 weeks old at the conclusion of the experiment.
Hypertension in HC of both sexes was reversed by opening the renal artery clip; blood pressure fell promptly, usually in 1 to 2 days, but always 
Characteristics of Animal Groups Studied

MORPHOLOGICAL
Four animals from each group were studied as follows (additional details of these methods can be found elsewhere [17, 19] ). The thoracic aortic segment located between the left subclavian and celiac arteries was cannulated at both ends after all branches were ligated. It was then transferred to a special frame on which in vivo length was restored. The segment was then distended with a perfusion mixture containing gelatin, carbon, and barium sulfate at 40°C. The perfusion mixture gelled quickly so that the segment could be removed from the pressure system without loss of distention. Special holders were used to maintain appropriate length of the segment during fixation in formalin over the next 48 hours.
Diameters at midpoints of the segments were measured on x-ray films as has been described in detail (19) . Cross sections of the fixed, stilldistended segments were taken from the midpoint and were prepared for light microscopy. Histological sections 4/x thick were stained with hematoxylin and eosin and Weigert-van Gieson stains.
Micrometric techniques used to determine medial thickness, internal diameter, and medial lamellae have been described elsewhere (19) . The aortic media was defined as that portion of the wall which contained complete, concentric elastin lamellae. Cross-sectional area of the media was calculated according to the formula: area of a ring between 2 circles of radius, r r and r 2 , is equal to 7J-(rj + r.j) (r, -r 2 ). Tangential tension was calculated according to the law of Laplace: tension (dyne/cm) = blood pressure (dyne/cm 2 ) X radius (cm); wall stress (dyne/cm 2 ) was calculated by the additional step of dividing tangential tension by medial thickness (20) . Systolic blood pressures and internal radii of vessels were used in these calculations. Micrometric measurements were corrected for tissue shrinkage due to fixation and further processing as described in previous studies (19) .
Student's t-test for differences between means was used to test for significance of results; significance was considered present at the 5% level.
CHEMICAL
The animals were killed by exsanguination, and the thoracic aortic segment, exactly delimited by the left subclavian artery and celiac artery, was removed for study. The segment was opened longitudinally and the media and intima of the entire segment were removed from the adventitia. Details of this method and the importance of its use to subsequent chemical studies are described elsewhere (21) .
Details of the chemical procedures have been described (17) ; methods used were similar except for several important modifications. Fragments of the intima-media strips obtained from each aorta were minced into pieces of 2 to 3 mm and were pooled in separate test tubes containing 4 ml of an ethanol-ether mixture (3 parts ethanol to 1 part ether) for 2 hours at room temperature. Over this period the samples were agitated frequently and the ethanol-ether mixture was changed twice. This was followed by a 30-minute period in pure anhydrous ether, during which agitation was continued and the ether changed once. The supernatant ether was then discarded and the remaining ether was driven off the samples by immersing the tubes containing the samples in water at 50°C for several minutes. The samples were then dried in a vacuum oven 50 to 55°C for 48 hours, at which time constant weight was achieved. The samples were then weighed individually and transferred to hydrolysis vials 3 ; the total initial dry defatted weight of each segment was thus obtained.
Soluble and residue fractions were prepared using a previously described modification (17) of the method of Lansing (22) , After hydrolysis in O.IN NaOH for 50 minutes at 95°C soluble and insoluble (residue) fractions were obtained and separated as described previously (17) . These fractions were then hydrolyzed in 6N HCI for 48 hours at 105 to 110°C. Under these conditions, hydrolytic losses are on the order of 10% or less (23); values given are uncorrected. Known aliquots of these fractions of each aorta were analyzed on an amino acid analyzer 4 as described by Spackman et al. (24) .
The amino acid composition of the residue fraction always corresponded to the known amino acid composition of pure elastin (25, 26) . Representative amino acid analyses of the residue fraction from normotensive and hypertensive aortas of males and females are shown in Table 2 . Hydroxyproline contents of these fractions ranged from 10 to 20 residues per 1000 residues, which is -D.C. Amplifier, Sanborn Company, Waltham, Massachusetts. 3 Ampoules 10 ml, Owens-Illinois, Inc., Toledo, Ohio. typical of elastin (26, 27) . The weight of elastin in the aliquot was computed from the total of the nitrogen contributions of its constituent amino acids (a nitrogen content of 18.9% was assumed). The amino acid profile of the soluble fraction suggested the presence of collagen as well as considerable amounts of other alkali-soluble proteins. The amount of collagen present was calculated from the hydroxyproline peak on the chromatogram; in a series of samples, the amounts of hydroxyproline calculated in this way corresponded well to results from the colorimetric method of Bergman and Loxley (28) . A hydroxyproline content of 92 residues per 1000 residues of collagen was assumed based on values obtained for rat tail and skin collagens (27) ; the weight of collagen could thus be obtained. This weight was then converted to micrograms of nitrogen (a nitrogen content of 18.9% was assumed); this value subtracted from the total micrograms of nitrogen obtained for the entire soluble fraction, gave a figure which corresponded to the contribution of noncollagenous, alkalisoluble proteins. This value was then corrected to an aliquot weight of these proteins (a nitrogen content of 16% was assumed).
The total weights of elastin, collagen and noncollagenous, alkali-soluble protein in each aorta were then calculated from the values computed from known aliquots. Significance levels of results were the same as those used for the morphological studies.
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Results
CHARACTERISTICS OF GROUPS
Characteristics of the groups studied are shown in Table 1 . Body weight of H males was significantly less than that of the corresponding C males after 10 weeks (t = 2.41, P<0.05), confirming a previous observation (17) , but in male CC, HH, and HC, all final body weights were similar; none of the mean final body weights of the female groups differed significantly. Whereas CC, HH, and HC males were all significantly heavier than C and H males, the female groups showed no significant body growth between 10 and 20 weeks. Thus the results below show the effects of hypertension in both growing (male) and nongrowing (female) animal models. Systolic blood pressures (averages of the last four readings before death) were significantly greater in H and HH than those of corresponding C and CC. Male CC had significantly higher blood pressure levels than male C ( t = 4.64, P < 0.001); in females, no difference with age was seen. The male HC had a mean systolic blood pressure significantly greater than that of male CC (# = 2.57, P -0.02) and significantly lower than that of 626 WOLINSKY male HH (*= 10.92, P < 0.001), whereas female HC had a final mean blood pressure no different from that of the CC (* = 0.28, 0.8 > P > 0.7) and very significantly lower than that of HH (t = 9.02, P<0.001). The ratio of postmortem heart weight to body weight of all groups corresponded well to blood pressure levels. H and HH male and female animals had ratios significantly greater than those of C and CC, respectively (P<0.001); again, male HC had a value significantly higher than that of CC (t = 3.82, P<0.01) and significantly lower than that of HH (£ = 7.92, P<0.001), whereas the ratio of female HC did not differ from that of CC (* = 0.38, 0.8>P>0.7) but was much lower than that of HH (* = 6.79, P < 0.001).
Dimensions of and Calculaled Stresses on the Aortic Wall
MORPHOLOGICAL FINDINGS
Gross Appearance.-As noted previously (17) , thoracic aortic segments of hypertensive animals of both sexes at both 10 and 20 weeks appeared dilated and seemed stiffer than corresponding vessels from normotensive animals before distention. In HC of both sexes, the vessels were dilated excessively compared to controls, but the walls were considerably less stiff than those of HH animals. No gross intimal disease was seen in any vessel; microscopically, intimal changes in hypertensive vessels were limited to mild focal thickenings, apparently cellular in composition.
Measured diameters of distended vessels are shown in Table 3 . At the 10-week point, mean thoracic aortic diameter of H males was significantly greater than that of C males (£ = 3.71, P<0.02); however, by 20 weeks, aortas in CC had dilated significantly compared to C (t = 6.05, P<0.001). Diameters of aortas in male HH and HC were not significantly different from those of H (* = 1.42, 0.3 > P > 0.2) and indeed, were not different from those of CC (i>=0.68, 0.6>P>0.5). Measured diameters of hypertensive vessels from females were significantly greater than those of normotensive vessels, both after 10 weeks of hypertension (t = 2.58, P < 0.05) and after 20 weeks of hypertension (£ = 3.55, P<0.02). Both CC and HH had smaller diameters than corresponding younger groups (t=3.20, P<0.02 for C vs. CC; and t = 3.14, P<0.05 for H vs. HH). This puzzling finding contrasts sharply with the increase in aortic diameter seen over a similar age period in the male rat. Vessels of female HC had diameters similar to those of HH (£ = 0.08, P>0.9) and significantly greater than those of controls (t = 3.91, P < 0.01).
Microscopic Appearance.-Lamellar units in the adult mammalian aortic media have been characterized by us (19) . The number of these units is normally related to tension levels so that each lamellar unit corresponds to approximately 2000 dyne/cm, regardless of mammalian species or aortic segment. In the present study, we confirmed the finding from a previous study (17) that the number of these units does not increase in the presence of hypertension in either males or females ( Table 3 ). None of the intergroup comparisons of medial lamellar unit complements was significantly different (P>0.2). Tension per lamellar unit in male C and in female C and CC was at just the expected level; however, in male controls a significantly increased value was found at 20 weeks (t = 5.65, P<0.01 for C vs. CC). In the H and HH of both sexes, the increased diameter, and more important, the greatly increased blood pressure (Table 1) Medial thicknesses of hypertensive aortas were significantly greater than those of normotensive aortas at both 10 and 20 weeks in both sexes (males: £ = 3.00, P<0.05 and £ = 6.97, P < 0.001) (females: £ = 2.54, P<0.05 and £ = 2.85, P<0.05) ( Table 3) . No significant age differences in medial thickness were seen in either sex, but the thickness of vessels in males at 20 weeks was almost significantly less than those of 10 weeks (£ = 2.31, 0.1 > P > 0.05). After reversal of hypertension in males, medias of HC remained significantly thicker than medias of control vessels and were not significantly different from those in HH animals (£ = 0.34, 0.8>P>0.7). However, medial thickness in female HC reverted back to a value similar to that of control vessels (£ = 0.24, 0 . 9 > P > 0.8) and significantly less than that of hypertensive vessels (£ = 3.00, P < 0.05) in sharp contrast to the finding in the aorta in the growing male. Representative examples of the microscopic appearance of cross sections of vessels in males are shown in Figure 1 and those of vessels in females are shown in Figure 2 .
Calculated wall stress, or tangential tension per unit wall thickness (Table 3) , was significantly greater at 10 weeks on hypertensive than on normotensive vessels of both sexes (£ = 3.15, P<0.02 for males; £ = 2.78, P < 0.05 for females). There was a sharp rise in wall tension of vessels in control males between 10 and 20 weeks (£ = 4.63, P < 0.01); this resulted from thinning of the wall combined with increases in both blood pressure and diameter of these segments with age. Thus wall stress on CC and HH vessels in males was similar in older animals (£ = 0.38, 0.8 > P>0.7), but at an elevated level. Note also that because of persistence of the increased medial thickness of vessels in HC, reductions in blood pressure resulted in wall stress on these vessels falling significantly below control and hypertensive values at that age (£ = 4.04, P<0.01 and £ = 2.74, P<0.05, respectively). An important difference was seen in females; the values of wall stress for CC and HH vessels were similar (£ = 0.64, 0.6 > P > 0.5) but at a low level, comparable to that of C. The reduction in the value for female HH animals reflected complex changes in interrelationships among blood pressure, wall thickness, and diameter, but the results of better matching of wall thickness to tension compared to males was unmistakable. Simultaneous reductions in wall thickness and blood pressure of the HC group resulted in a level of wall stress similar to that of controls (£= 1.73, 0.2>P>0.1).
Cross-sectional area of the media represents a synthesis of diameter and wall thickness in a given vessel and corresponds well to total aortic weight (17) ; mean values for both sexes are shown in Table 3 . Again, differences 628 WOLINSKY
FIGURE 1
Microscopic appearance of representative cross sections of male thoracic aortas. Medial thicknesses of H and HH vessels are greater than those of C and CC. The thickness of HC vessels is similar to that of HH. Increased medial thickness is due to increased width of interlamellar spaces (between dark elastin bands). A tendency for medial thickness to decrease with age is also seen (C vs. CC and H us. HH). Weigert-van Cieson stain.
between vessels in controls and hypertensives were significant at 10 and 20 weeks for males and females (males: * = 5.85, P<0.01 and £ = 6.39, P<0.001, respectively) (females: £=3.88, P<0.01 and £ = 3.77, P<0.01, respectively). Medial area of aortas in male and female controls did not increase significantly between 10 and 20 weeks (£=0.77, 0.5>P>0.4); the marked increase in aortic diameter in males in this period can probably be attributed to thinning of the aortic media. Medial area of reversed vessels in males was similar to that of hypertensive vessels (£=1.02, 0.4>P>0.3) and was significantly greater than that of control vessels (£ = 5.35, P<0.01). This is in sharp contrast to reversed vessels in females, which had medial areas significantly less than those of hypertensives (£ = 3.10, P<0.05) and similar to those of controls (*=1.32, 0.3 > P
CHEMICAL FINDINGS
Total weights of dried, defatted thoracic aortic segments of males and females are shown in Table 4 . Weights of hypertensive Microscopic appearance of representative cross sections of female thoracic aortas. Medial thicknesses of H and HH vessels are greater than those of C and CC; the thickness of HC vessels is similar to that of controls. The darker connective tissue staining of the HC is striking; this presumably reflects the increased percentage of elastin and collagen in this vessel compared to that of the control. Weigert-van Gieson stain. vessels of males and females were significantly greater than those of normotensive vessels at 10 and 20 weeks (* = 7.34, P < 0.001 and t -4.51, P < 0.01, respectively, for males and t = 5.6l, P<0.01 and t = 8.54, P < 0.001, respectively, for females). Aortic weight increased with age in male controls (t = 2.90, P<0.02) but not in hypertensive animals (£ = 0.55, 0.5>P>0.4); this increase in males corresponded to the increase in body weight over this period. In parallel with the lack of body growth of females between 10 and 20 weeks, aortic weights did not increase significantly in controls over this period (t = 0.44, 0.7>P>0.6 for C vs. CC). Vessels subjected to 20 weeks of sustained hypertension, however, were significantly heavier than those hypertensive for 10 weeks (t = 2.78, P<0.02). After reversal of hypertension in males, mean aortic weight of these animals was not significantly different from that of animals with sustained hypertension and remained markedly greater than that of normotensive animals (t -4.38, P<0.01); in contrast, after reversal of hypertension in females, total aortic weights fell to an intermediate level, significantly lighter than the HH group (t = 5.47, P< 0.001) and significantly heavier than the CC group (* = 5.04, P<0.001). Absolute amounts of elastin and collagen in these vessels are shown in Table 4 . In both males and females and at both 10 and 20 weeks the amount of elastin in hypertensive vessels was significantly greater than that in normotensive ones (males: # = 3.88, P<0.01 and # = 3.17, P < 0.02, respectively) (females: £ = 4.49, P<0.01 and # = 8.61, P < 0.001, respectively). In control and hypertensive male animals, a net increase in elastin occurred between 10 and 20 weeks, with £ = 4.35, P<0.01 for controls and # = 3.59, P < 0.01 for hypertensives. In female controls no difference in elastin amounts was seen between 10 and 20 weeks (# = 0.25, 0.9 > P > 0.8), but greater amounts of elastin were seen in female HH than in H (# = 2.26, P<0.05). HC males were similar to sustained hypertensive ones and had significantly greater amounts of elastin than controls (t = 4.52, P < 0.01), whereas HC females had absolute amounts of elastin at an intermediate level, significantly less than that of sustained hypertensives (# = 2.63, P<0.05) and significantly more than that of older controls (# = 5.56, P<0.001). The amount of elastin in reversed vessels of females was not significantly different from that seen in the younger hypertensive female (# = 0.42, 0.7 > P > 0.6); this is especially noteworthy since the duration of hypertension in both these groups was similar.
The situation with respect to amounts of collagen was generally similar to that of elastin ( Table 4 ). Aortas of hypertensives contained significantly more collagen than controls at 10 and 20 weeks (males: # = 4.76, P< 0.001 and # = 3.40, P<0.01, respectively) (females: t = 2.82, P<0.02 and # = 5.02, P < 0.001, respectively). However, there was a net increase in collagen in control vessels and hypertensive vessels of both males and females between 10 and 20 weeks (males: £ = 4.50, P<0.01 and # = 2.98, P<0.02, respectively) (females: # = 2.78, P<0.02 and £ = 3.59, P<0.01, respectively). Once again, after reversal of hypertension in males, vessels remained similar to those in animals with sustained hypertension (# = 1.57, 0 . 2 > P > 0.1) and were significantly different from control vessels (# = 5.13, P<0.001) and those in younger hypertensives (# = 4.60, P<0.01). HC females had amounts of collagen significantly greater than the CC (# = 3.24, P < 0.01), but not significantly different from HH (t = 1.80, 0.2 > P > 0.1). As was the case with elastin, HC females had amounts of collagen similar to those in H (# = 1.83, 0.1 > P > 0.5).
Results obtained from determinations of noncollagenous, alkali-soluble protein are shown in Table 4 ; results are quite different from those for elastin and collagen. At 10 weeks, vessels of hypertensive males and females contained a markedly increased net weight of noncollagenous, alkali-soluble proteins compared to controls (# = 17.62, P < 0.001 for males and # = 5.35, P< 0.001 for females), and this difference was maintained at 20 weeks (£ = 7.02, P < 0.001 for males and £ = 11.04, P < 0.001 for females). In the interval between 10 and 20 weeks, amounts of this protein fraction in male vessels increased significantly in controls (£ = 2.73, P < 0.05) but not in animals with sustained hypertension (t = 0.10, P>0.9); no age differences between controls or hypertensives were seen in females. Particularly noteworthy is that HC vessels from animals of both sexes contained these proteins in amounts similar to those of control animals (males: £ = 1.05, 0.4>P>0.3) (females: £ = 0.75, 0.5>P> 0.4) and in amounts far less than those of vessels subjected to sustained hypertension (males: £ = 5.07, P < 0.001) (females: t = 12.68, P < 0.001). The apparent complete reversibility of this wall fraction to normal contrasts with the persistence of increased absolute amounts of elastin and collagen in HC vessels despite reversal of hypertension. This finding is similar in both sexes but is more easily appreciated in females because of the absence of a changing base line associated with growth.
Cross-linking in elastin takes place by the conversion of four lysine residues to desmosine and isodesmosine through a series of intermediate steps (26) . Lysine content of elastin during periods of rapid synthesis, for example, in young animals, is known to be higher than the lysine content of elastin during periods of slower synthesis, as in older animals (26) . On the other hand, increases in lysine content of elastin may also be due to interference with normal cross-linking, as occurs in copper deficiency (29) . At 10 weeks the lysine content of elastin in vessels from male hypertensives (11.80 ±1.12 residues/ 1000 residues) was significantly greater than that of elastin from normotensive vessels (7.10 ±0.66 residues/1000 residues), (£ = 3.61, P<0.01). At 20 weeks, the difference between the value for hypertensive vessels (9.88 ±0.30 residues/1000 residues) and that of normotensives (5.78 ±0.67 residues/1000 residues) was also significant (£ = 5.94, P < 0.001). Though elastin lysine content decreased slightly with age between 10 and 20
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weeks in control and hypertensive vessels, in neither case was the decrease quite significant (0.2>P>0.1). However, the lysine content of elastin from HC vessels fell significantly from levels seen in hypertensive vessels at 10 weeks (£ = 2.83, P<0.02) to an intermediate level (8.15 ±0.64 residues/1000 residues) significantly lower than that of elastin from sustained hypertensive vessels (£ = 2.45, P < 0.05) but still significantly higher than that of older normotensive vessels (£ = 2.55, P < 0.05). In females also, lysine values in elastin from hypertensive vessels (11.13 ±0.69 residues/1000) were higher than those of elastin from normotensive vessels (7.95 ± 0.33 residues/1000 residues) (£ = 4.12, P<0.01). However, unlike vessels in males the lysine content of elastin from reversed vessels in females (7.07 ±0.48 residues/1000 residues) returned completely to levels found in controls (£=1.51, 0.2>P>0.1) and significantly less than that of hypertensives (£=4.79, P < 0.001). Table 5 consists of a compilation of the percent of each of the mural components described above in absolute terms, as well as the totals of the three components measured. It can be seen that the total percent recovery of the initial dried, defatted weight amounted to approximately 75% in males and slightly over 80% in females. The only significant intergroup difference found in either sex was that between C males and H males at 10 weeks (£ = 2.35, P<0.05). Percents of elastin were significantly lower in hypertensives than in controls at both 10 and 20 weeks (£ = 6.33, P < 0.001 for C vs. H and £ = 8.31, P < 0.001 for CC vs. HH in males, but only at 20 weeks in females; £ = 6.73, P < 0.001 for CC vs. HH). A significant decrease in percent of elastin was seen between 10 and 20 weeks in female hypertensives (£ = 2.26, P < 0.05). HC males had elastin contents similar to CC and significantly higher than HH ones (£=12.02, P<0.001); however, the percent of elastin in HC females was significantly higher than both controls (£ = 4.41, P<0.01) and hypertensives (£=12.84, P < 0.001). The percent of elastin in each of the five female groups was significantly greater than that of the corresponding male groups (P at least < 0.05 for each intergroup comparison).
Collagen contents (Table 5 ) of normotensive and hypertensive vessels did not differ significantly at either 10 or 20 weeks in males (# = 0.01, P>0.9, t=1.43, 0.2>P>0.1, respectively) or in females (# = 1.89, 0.1 > P >0.05, # = 2.12, 0.1>P>0.05, respectively) though it was almost significantly lower in the latter. The collagen content of control vessels increased significantly between 10 and 20 weeks in males (# = 3.76, P<0.001) and females (# = 3.26, P<0.01) and in hypertensive vessels of females (t = 2.56, P<0.05) for H vs. HH. As in the case of elastin, collagen content of HC males was similar to that in CC (# = 0.98, 0.4>P>0.3) and was significantly higher than that in HH (# = 2.24, P < 0.05); in HC females it was not quite significantly greater than that of controls (# = 1.95, O . K P < 0.5), but was greater than that of hypertensives (# = 2.62, P<0.05). Again, when compared to vessels in males, the collagen percent of each of the groups of females was significantly greater (P at least < 0.05 for each intergroup comparison) except for the H groups which were not quite significantly different (t = 1.86, 0.1>P>0.05).
Finally, the noncollagenous, alkali-soluble protein ( Table 5 ) content of hypertensive vessels was greatly elevated above control values at 10 and 20 weeks (male: # = 9.99, P < 0.001 and # = 6.44, P < 0.001, respectively) (female: # = 4.03, P<0.001 and # = 6.15, P<0.001, respectively). In addition, a significant decrease in protein content was seen between 10 and 20 weeks in vessels in female controls only (#=2.54, P<0.05). Male HC were similar to CC in protein content (t = 1.66, 0.2 > P > 0.1) and were very different from HH (# = 6.51, P < 0.001); the percent of this fraction of HC females fell significantly below both that of controls (# = 2.33, P<0.05) and that of hypertensives (#=11.13, P<0.001). Comparison with groups of aortas of males showed no significant differences between control vessels at either age (#=1.23, 0.3>P>0.2 and # = 1.44, 0.2>P>0.1, respectively), but female hypertensives at 10 weeks were significantly lower than the corresponding male group (11) (#=3.81, P<0.01), as was the female HC group (* = 2.31, P < 0.05).
Discussion
Despite the considerable difference in the methods of inducing hypertension between the present study and one previously reported on the effects of hypertension (17) , the results of morphological and chemical studies were essentially the same for aortas in the C and H 10-week groups.
It is noteworthy that the diameter of aortas in males was greater in hypertensives than in controls at 10 weeks, but that by 20 weeks no differences were seen. This suggests that with hypertension the aortas in the males dilated excessively and prematurely but that no further dilation occurred with age; indeed, control vessels later attained the same dimensions. Taken together with the significant increase in blood pressure seen in controls between 10 and 20 weeks, vessels in male controls sustained significantly greater tangential tension with increasing age; vessels in female controls did not change in this way with age. Vessels in both sexes remained dilated after reversal of hypertension.
Medial thickness was increased over normal in hypertensive vessels in males and females and remained so in males despite reversal of hypertension, but returned to control values after reversal in females. The implications of this difference between the sexes are not clear, but may reflect a relative "sluggishness" of response of the vessel wall in males to decreases in wall tension because of an increased base line of "growth-stimulated" synthesis. The wall thickening in both sexes resulted from an increased thickness of lamellar units, since the number of the latter did not differ significantly among any of the groups. The finding of increased medial thickness despite reversal of hypertension in males agrees with that of Tobian and his associates (15) .
It is reassuring to note how closely the changes in dried, defatted total aortic weights paralleled the morphologic measurements described above. In agreement with the impressions gained morphologically and the findings by others (15) , reversal of hypertension did not result in any significant reduction in aortic weight from values seen with sustained hypertension in males; in females, weights of reversed vessels were intermediate between sustained hypertensives and controls. The same can be said for the specific fibrous mural components, elastin and collagen. Accumulation of these fibrous proteins in the wall after reversal of hypertension in males did not appear to be different from that occurring in walls subjected to sustained hypertension. Of note is that between 10 and 20 weeks, an agerelated increase in absolute amounts of both Circulation Research, Vol. XXVIII, Jane 1971 elastin and collagen was seen in controls and hypertensives; in the latter group this was superimposed on the already established tension-related increase in these proteins. Whereas these and other (17) findings suggest that synthesis of the fibrous components in the vessel wall is directly related to the elevated levels of tension, it is not clearcut in vessels in males what the precise effect of reversing hypertension is, because of interference from a rising base line due to growth. The finding in the study of vessels from nongrowing females that the amounts of these fibrous proteins in reversed vessels were no different from those found in the vessels of H, and were significantly less than those of HH is further important evidence that an increased level of wall stress is a stimulus for fibrous protein synthesis. The argument develops as follows. The H and HC groups had identical 10-week periods of hypertension, following which the H group was killed and the HC group was reversed so that wall stress fell to control values. The sustained hypertensive group, on the other hand, had 20 weeks of hypertension. The fact that female HC and H aortas had similar amounts of these proteins constitutes strong evidence that synthesis of the fibrous proteins abruptly ceased upon reversal of blood pressure in the female HC group.
Further support of the conclusion that de novo synthesis of elastin and collagen was occurring and that the rate of accumulation, at least, may be related to tension levels (17) can be derived from values for elastin lysine. These were clearly elevated in elastin from hypertensive vessels, and together with the finding of increased absolute amounts of elastin, constitute strong evidence that de novo synthesis was increased. After reversal of hypertension, values fell to an intermediate level, suggesting that while synthetic rate had slowed, the amount of lysine in elastin of aortas in males which was available for incorporation into cross-links had not returned to control values after 10 weeks of normotension. Again, a more clearcut response to hypertension reversal was seen in females than in males in this value. On reversal of hypertension the lysine content of female elastin fell completely to control values and far below the values seen with hypertension. This, together with comparative data of wall thickness and degree of fibrous protein accumulation again suggests a relative sluggishness of response of the aorta in males to tension levels. It is not certain from these two studies whether the apparently greater and more complete responsiveness of the vessels in females to reductions of wall tension reflects only the difference in growth rates of male and female rats or whether the differences in response are also sex-related, reflecting different sex hormone levels or other pecularities of each.
Our previous characterization of changes in the vessel wall occurring in hypertension (17) has been extended by determination of noncollagenous, alkali-soluble protein. Since the number of components of the aortic wall is relatively limited, presumably this protein is derived from medial cells of modified smooth muscle type, and the protein moiety of the ground substance, including acid mucopolysaccharides. The fact that the noncollagenous, alkali-soluble component, together with elastin and collagen, constituted a relatively constant percent of initial dry weight in all groups ( Table 5 ) would appear to indicate that it reflects a constant, though admittedly heterogeneous, "compartment" of the aortic wall. In hypertension, the amount of this noncollagenous, alkali-soluble protein increased markedly, in fact disproportionately, as evidenced by the fall in elastin content (but increase in absolute amount) seen in hypertensive vessels. In addition, a significant increase in the soluble protein component was seen between 10 and 20 weeks in aortas of controls. Presumably these changes reflect hypertension-related smooth muscle hypertrophy and hyperplasia (15, 30) or increased mural mucopolysaccharides (31) or both. Since the increase in water content of the entire vascular tree of hypertensives has been attributed primarily to smooth muscle (30, 32) , changes of this nature would appear to be compatible with this interpretation, which is further supported by the findings after reversal of hypertension. The alkali-soluble noncollagenous protein was the only one of the three wall components studied to return to control levels after reversal of hypertension. In other words, this fraction seemed to reflect a reversible component(s) of the vessel wall. The only previously reported components of the vessel wall to change with hypertension reversal are wall water (15, 18) and magnesium contents (18); both of these have been attributed to reversal of smooth muscle changes. What is striking, however, is the dissociation between the changes in this protein fraction and those of elastin and collagen which are seen after reversal of hypertension.
Comparison of the above changes in absolute amounts of wall components to their relative contents as seen in Table 5 emphasizes again the importance of expressing data in both ways. Discrepancy between results expressed in relative and absolute terms is a common pitfall when each of several components is changing simultaneously to a different degree and in a different direction (33) . The three-component composition of HC vessels of males was very similar to that of CC vessels and quite different from that of HH vessels (Table 5) ; the striking differences in absolute amounts of these components in HC and CC was nearly completely masked.
In females, with return of the absolute amount of noncollagenous alkali-soluble components to normal in reversed vessels, the increased absolute amounts of elastin and collagen were manifested as increased percents of the vessel wall weight above normal values. This experiment is the first documentation that increased concentrations of these fibrous proteins in the vessel wall above normal can result from an interplay of the relatively irreversible accumulations of fibrous proteins synthesized by the cellular elements of the wall and the apparently complete reversibility of a noncollagenous, alkali-soluble fraction of the wall. Though the individual response of each of these various fractions of the wall was quite similar in the two sexes, the results of the effects of hypertension and reversal were more sharply defined in aortas from females, because unlike the aorta in males, little or no growth-associated or other spontaneous increase in wall fractions occurred during the period of reversal.
Semidiagrammatic representations of these findings in females are shown in Figure 3 . Increases in wall thickness and increases in total aortic weight including increased amounts of elastin, collagen, and noncollagenous, alkali-soluble protein are seen in vessels subjected to hypertension. Wall thickness returns to control values with hypertension reversal, but total aortic weight returns only to an intermediate level, which reflects a complete return of the noncollagenous, alkalisoluble fraction to normal and a persistence of the increased absolute amounts of elastin and collagen.
The above findings legitimately raise three broad questions. (1) Is the demonstrated presence of increased amounts of elastin and collagen in hypertensive vessels and their persistence after reversal relevant to the clinical finding of enhanced atherogenesis in the presence of hypertension and after its reversal? (2) Is the fact that striking increases in absolute amounts of elastin, collagen, and noncollagenous, alkali-soluble protein in hypertensive vessels are paralleled by similar, Circulation Research. Vol. XXVIII, June 1971 but much smaller, increases in all these components in aging vessels relevant to the question of whether hypertension is a qualitatively similar, but accelerated or excessive form of aging? and (3) Is the common denominator of affirmative answers to questions 1 and 2 the continued accumulation of fibrous components of the vessel wall at rates dependent on age, blood pressure and probably other factors so that the enhanced atherogenesis seen with spontaneous hypertension, for example, is really nature's "experimental model" of endemic spontaneous atherogenesis? To even attempt to answer these questions is premature and beyond the scope of this paper. Others have proposed the possibility however, that diffusion of a variety of substances across the vessel wall could be impaired by the presence of increased amounts of mural fibrous proteins (34) ; from this study, and particularly the findings in females, the intriguing possibility arises that when increased absolute amounts of the fibrous protein become manifest as increased concentrations in the wall, any tendency of the vessel to trap substances, including lipids, which are diffusing through the media may be further enhanced. Accumulation of such substances could be further enhanced by the increased medial thickness and increased rate of entrance of intravascular materials into the vessel wall under conditions of hypertension (35, 36) .
The similarities between hypertension and aging, not only in the many parameters studied here but also in changes in the chondroitin sulfate A:hyaluronic acid ratios of mural mucopolysaccharides (37) and vessel wall distensibility (11, 38) are intriguing. The morphologic finding by others that the increased wall thickness seen with hypertension can be superimposed on that seen with normal aging but to a lessening degree with increasing age (12) , parallels our finding that increases in absolute amounts of wall components associated with aging can be superimposed on qualitatively similar, but larger, increases in amounts of these components seen with hypertension.
Though many speculations are easily stimulated by the findings here, it must be stressed that current knowledge permits no firm connection to be made between apparently irreversible compositional and structural changes in the vascular wall after hypertension and reversal and the clinical and experimental evidence for increased susceptibility of vessels of hypertensives to arteriosclerosis. However, it seems reasonable to conclude from the findings here that it would be worthwhile to expend intensive efforts to identify hypertensive individuals and to treat their hypertension promptly and completely, thereby minimizing the degree of the alterations described.
